Purpose In Australia, farmers and natural resource managers are striving to enhance environmental outcomes at farm and catchment scales by planting streamside management zones (SMZs) on farms with trees and other perennial vegetation. Lack of sound information on and funding for establishing and managing trees in SMZs is hindering widescale adoption of this practice. Australian Codes of Forest Practice discourage or prevent harvesting of trees in SMZs of perennial streams. One concern is the potential effect of tree harvesting in SMZs on delivery of sediment to adjacent streams. The aims of this paper were to summarize the literature relevant to this concern and, in one case study in an agricultural context, to determine the effects on turbidity of harvesting a SMZ plantation. Materials and methods Information was sourced from published studies that reported on impacts of tree harvesting inside SMZs. In addition, a study was conducted in Tasmania, Australia, to evaluate the water quality benefits of a SMZ and the effects of tree harvesting in this zone. This case study consisted of a 20-year-old Eucalyptus nitens pulpwood plantation in a SMZ of an intermittent stream that was harvested according to the state Code of Forest Practice. A machinery exclusion zone immediately adjacent to the stream limited machinery traffic. Ground cover and water quality pre-and postharvesting were measured to identify the major sources of sediment in this headwater catchment, and to determine the effect of tree harvesting. Results and discussion Literature indicates that tree harvesting in SMZs is an accepted practice in the USA, New Zealand, and Germany, if conducted carefully, i.e., using best management practices (BMPs). Negative effects of this practice on water quality, in-and near-stream habitat, and biodiversity have been recorded, but these effects were generally minor or transitory. Tree harvesting in the Tasmanian study resulted in minimal mineral soil exposure and increased surface roughness. Postharvesting turbidity levels in streamflow were similar to preharvest levels (<2.5 nephelometric turbidity units exiting the catchment). Much
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Introduction

Background
Streamside management zones (SMZs) have been used for decades as buffers to mitigate the potential adverse effects of agricultural and silvicultural practices on adjacent surface water quality (Cooper et al. 1987; Comerford et al. 1992; Correll 2005 ). The concept is quite old, dating back to the 1700s (Lee et al. 2004) . Streamside management zones came into common use in the 1960s to improve water quality by functioning as barriers or treatment zones to protect adjoining water resources from disturbances associated with agriculture and forestry ( Fig. 1) . They have been identified as one of the most effective tools for reducing nonpoint source pollution from managed landscapes (Phillips 1989) .
In agricultural and forestry landscapes, the concept of a SMZ implies active management during some or all phases of the zone's life cycle. This includes areas that may be actively designated as "undisturbed" trees, shrubs, or herbaceous plants. These zones could have management plans that provide for no or infrequent disturbances such as prescribed fire, grazing, or tree harvesting needed to maintain them in a vegetative condition conducive to achieving the overall objectives of the SMZ. The key to the concept of a SMZ is that it is actively managed rather than passively left as a reserve that is allowed to develop toward a semistable successional state.
Terminology
The terminology associated with these special landscape units is a source of confusion. Understanding any concept and its accompanying literature is based on the shared knowledge of the descriptive terminology used. Therefore, it is appropriate to discuss the terms used in the literature since there is a lack of uniformity in how these near-stream landscape units are named.
Buffer strip is a term commonly used to describe the transition between two different land uses where one land use, the buffer, mitigates the effects of the other (Karr and Schlosser 1978; Comerford et al. 1992) . Buffer strips reduce runoff and associated pollutant loads to streams, lakes, and wetlands via filtration, deposition, infiltration, adsorption, uptake, and decay processes.
Filter strip is a term often used synonymously with "buffer strip". Its focus is on the function of physically filtering pollutants derived from upland areas of landscapes. Filter strips are usually viewed as zones to remove sediment from runoff (Cooper et al. 1987) , but they will also filter out subsurface nutrients such as nitrate nitrogen if they are wide enough (Lowrance et al. 1985) . Filter strips are most often used at field edges, but they can also function well along streams.
Riparian zone has variants in the terms "Riparian Buffer" and "Riparian Management Zone". Technically, riparian zones are those that meet the strict definition of "riparian" elucidated by (Mitsch and Gosselink 2007) . Their definition is: The riparian zone of a river, stream, or other body of water is the land adjacent to that body of water that is, at least periodically, influenced by flooding. Riparian zones are highly productive ecotones or transition zones between upland and aquatic ecosystems that are under the influence of flooding and shallow groundwater. They can vary from a few to hundreds of meters in width. Often, the term "Riparian Management Zone" is used to broaden the concept to that of a buffer (Lowrance et al. 1985) . Riparian management zones and buffers refer to managementdesignated areas that may or may not include all the components of the riparian zone, and may also include upland areas.
Greenways and grassed waterways are specialized grass or herbaceous plant zones along first-and second-order drainage areas in agricultural landscapes (USDA ARS 1987) . They are sometimes used in forested areas, but not very frequently. In general, grassed waterways typically carry concentrated flows but have a high potential for reducing runoff volume and velocity, sediment transport, and chemicals coming from agricultural watersheds through sediment detention and infiltration functions (Fiener and Auerswald 2003) .
Wetland is a term often used interchangeably, and sometimes inappropriately, with riparian. Wetlands are discussed in detail by (Mitsch and Gosselink 2007) . This landform includes 15 different popular terms such as bog, fen, marsh, moor, swamp, bottomland, etc. Although the term also describes land that is transitional between terrestrial and aquatic ecosystems, there are a number of distinctions that set wetlands apart from other landscape units. In the classification of USA wetlands, the term is defined as referring to lands where the water table is at or near the surface or the land is covered by shallow water (Cowardin et al. 1979; Cowardin and Golet 1995) .
Streamside management zones are landscape units determined by various combinations of economic, ecological, and regulatory factors (Williams et al. 2003) . This can include riparian as well as upland areas (Phillips et al. 1999) . The term encompasses all potential functions and management objectives for landscape units adjacent to streams and of a width that is context sensitive. Thus, the term is not tied to the hydrologically functional area of the riparian zone since it can include parts of upland areas, and it includes functions other than buffering. For these reasons, it is preferable to define the managed landscape units along streams and other bodies of water as SMZs (Fig. 2) .
Machinery Exclusion Zone (MEZ) is an area adjacent to streams where machine operation is prohibited. It is often 10 m in width but can be much larger depending on SMZ design and constraints. Machinery is allowed to grapple or cable-skid trees within the MEZ, but it cannot move its wheels or tracks into the zone.
Best Management Practices (BMPs) is a term used in many domains, e.g., from accounting and tourism to forestry, that implies there is a widely acceptable combination of operational activities that under most conditions ensure desirable outcomes. In forestry and farming, the term usually refers to practical and economic operational procedures and practices that eliminate or keep risks to environmental quality at an acceptably low level. For example, one BMP for forestry operations is to keep machinery out of waterways, minimize stream crossings, and establish sediment control treatments such as gabions, sediment fences, straw bales, or wattles, and ditch-line diversions in order to minimize sediment runoff at stream crossings. Not all BMPs are accepted by all stakeholder groups as providing the desired environmental outcome. The term BMP can be misleading if best is understood to imply that better practices do not exist, but this is not the way most regulators, managers, or practitioners intend use of the term, because there is always the possibility that new scientific knowledge and practical experience can be used to improve a currently accepted BMP.
Codes of Practice are collections of BMPs that are, if compulsory, prescribed in regulations and guidelines, and therefore require compliance. Codes of Practice may be applicable to all or any combination of target groups, e.g., forestry operations on public and private land, and in small or large areas. Forest practices in many developed countries are regulated in this manner. However, BMPs and Codes of Practice can also be voluntarily developed and adopted, which are common in the agricultural sector.
Streamside management zone functions
Streamside management zones provide a number of important functions in ecosystems (Welsch 1991, Table 1 ). They fall into the broad biophysical categories of water quality protection, streamflow moderation, geomorphic stability, flora and fauna benefits, and atmosphere improvement. While these functions are important, SMZs in an agricultural and forestry landscape can also provide important socioeconomic functions.
The main water quality functions provided by SMZs are maintenance of low temperatures, filtration of nutrients and sediments, detention of contaminants, uptake of nutrients in Fig. 1 Streamside management zone along the Tarawera River, New Zealand (photo by B.R. Baillie, Scion, New Zealand) plants, transformations of nitrogen compounds and pesticides, reduction of macrophyte growth, and delivery of organic matter as a source of energy and nutrients for stream biota (see Table 1 , Schultz et al. 2009 ). Sediment detention is a commonly sought after function of SMZs, and, where trees are included in SMZs, cooler stream water is also an important outcome due to shading and prevention of stream flow solar heating (Collier et al. 2001) . Streamside management zones are viewed as a valuable intervention strategy to prevent contamination of streams with pesticide residues, although they are not entirely effective (Neary et al. 1993; Davies and Nelson 1994; Neary and Michael 1996; Maltby and Hills 2008) .
Streamside management zones have important hydrologic and geomorphic functions. Although SMZ vegetation uses water, the zone is also important for storing water for release later as baseflow (Schultz et al. 2009) . A SMZ can also retain more runoff than grazed pastures they replace, because SMZs containing trees result in higher infiltration rates. Overbank flows are important for reducing flood peaks by spreading water over wider cross sections. Streamside management zone vegetation can reduce channel erosion by stabilizing banks. However, there are some conditions where vegetation along the edge of channels can contribute to bank scouring and erosion . Tree stems adjacent to channels can cause turbulent vortices which cut into stream banks, adding to the normal flood-related erosion.
An important function of SMZs is providing terrestrial and aquatic habitat for both flora and fauna. This function contributes greatly to landscape biodiversity, especially in semiarid environments . Streamside management zones provide important landscape connections and cover for terrestrial wildlife as well as habitats for aquatic species.
The social and economic benefits of SMZs in agroforestry landscapes have been recognized as very important for agriculture (Correll 2005, see Table 1 ). Some of the key functions are livestock and crop shelter, forage and water sources, livestock safety, aiding farm certification, providing a source of wood and additional farm income, and potential carbon sequestration (Specht and West 2003) . The potential for SMZs to provide a future wood supply and source of income for farmers could develop as one of several major incentives for farmers to establish tree plantations along drainages, streams, lakes, and wetlands. In the future, these plantations will need to be harvested in an environmentally sound manner. Existing BMPs in some countries are designed to achieve that goal, but the practice is currently discouraged in Australia (Smethurst 2008) .
It should be noted that temporary removal of trees from SMZs may produce other adverse effects than sediment generation that would also need evaluation. These include effects such as water temperature increases, bank stability deterioration, channel morphology changes, declines in inputs of woody debris for habitat and of leaf litter as an aquatic food resource, increased algal growth in response to light, and changes in other water quality parameters such as phosphorus and nitrogen. Rapid reforestation of harvested SMZs is likely to reduce both the magnitude and the duration of these changes.
Forestry practices
Tree plantations on farms are a large potential resource for achieving a variety of catchment functions and benefits. The farm area in Australia, combining modified pastures and cropping areas, amounts to 49.7 million hectares (BRS 2009a) . Utilizing just 1% of that area for future tree plantings would almost double the nation's plantation forest estate and provide the space for national commitments to carbon sequestration (DSE 2008) . In the Yan Yan Gurt catchment in Victoria, a large proportion of farmers have adopted the practice of establishing forested SMZs during the past two decades, and harvesting has commenced (Reid and Burk 2002) . This model merits consideration nationally as the country attempts to triple its forest plantation estate between 1997 and 2020 to meet wood production and carbon sequestration goals (Thompson 2008; BRS 2009b) . Streamside management zones on farmland using commercial or noncommercial trees and other vegetation are also encouraged for improving soil, water, and biodiversity values (Robins 2002) . However, water use by plantations is increasingly under scrutiny, and it is a deterrent in some cases where other uses of a scarce water resource have a real or perceived higher value (Keenan et al. 2004 ). This interest in plantation development comes at a time when there is also a need to increase food production to meet the demands of population growth (FAO 2008) . Hence, the benefits of tree plantations of potentially improving water quality and providing other benefits needs to be weighed against their potential to compromise the availability of water for municipal supplies and food production. There is Not all of these functions are achieved in every case where a SMZ is used a large body of literature on the effects of tree cutting on water yield and quality (Neary 2002) . The science needs now, in particular, are evaluations of the impacts of SMZ tree harvesting on water quality across and between physiographic regions and replicated within regions. Although Codes of Forest Practice in some jurisdictions apply to commercial forestry operations on all land tenures, e.g., in the state of Tasmania, their applicability to SMZs on cleared farmland is not clearly laid out, or in some cases, is discouraging because harvesting is not permitted (Smethurst 2008) . In most jurisdictions, this practice is exempt from Code provisions if annual harvest areas are very small, e.g., less than 1 ha. There is recognition in at least one Code that these provisions may change as new knowledge becomes available (Forest Practices 2000, p. 84), and most Codes have a five-yearly review cycle.
In a plantation cycle, most concerns about potential effects on water quality arise during establishment, harvesting, or tending operations that include major soil disturbance or the application of fertilizers, herbicides, or pesticides. Hence, these operations are foci within Codes of Practice. The latter restriction, meant for broad-scale plantation forestry, is problematic in an agroforestry system where SMZ forests are smaller. Farmers might prefer to establish plantations next to streams, and such restrictions could affect harvesting economics. The 10-m exclusion in the Tasmanian Code (Forest Practices 2000) was based on practical considerations and conservative estimates of a distance needed to assure adequate water quality, but not on actual field monitoring of water quality during and after tree harvesting in SMZs using BMPs.
Published information on SMZ harvesting in relation to water quality
Sediment is an important water quality parameter, since higher than normal levels can harm aquatic organisms and habitats and render water unacceptable for domestic or recreation purposes. Sediment yields after forest harvesting are highly variable depending on such factors as soils, climate, topography, ground cover, and watershed condition. Although sediment yields often increase after harvesting due to the physical disturbance that exposes soil to erosion processes, these increases are usually transient due to vegetation regrowth, and are mitigated by slash and litter retention and other aspects of surface roughness. However, the duration of sediment increases above predisturbance conditions can vary considerably. Beschta (1978) reported effects lasting 6 years after logging, while Lynch and Corbett (1990) saw effects out to 10 years. Neither study lasted long enough to document recovery to predisturbance conditions. The largest increases in sedimentation documented in the literature have been associated with postharvest mechanical site preparation in the absence of SMZs (Beasley 1979) , or with slope instability (O'Loughlin and Pearce 1976), road construction (Swanson et al. 1986 ), or highly erosive soils (Beasley and Granillo 1988) . Best management practices are most effective on sediment when properly planned and implemented prior to, during, and after harvesting. Most of these guidelines relate to designing, constructing, and maintaining major access roads, logging roads, skid trails, and landings (Binkley and Brown 1993) . These areas are the primary sources for 90 percent of the sediment generated by harvesting (Reid and Dunne 1984; Swift 1986 ). The underlying principles of BMP guidelines in this context are to minimize disturbances in SMZs, to reduce the erosive power of runoff from bare road surfaces, and to maintain the normally high infiltration capacity of forest soils.
Sediment movement to streams is an ongoing environmental concern in managed forest watersheds, but it also occurs naturally without active management. Watersheds vary greatly in their natural sediment load characteristics. Both natural and anthropogenic sediment deposits can be re-entrained after initial deposition in ephemeral or perennial stream channels, and move downstream for long time periods (>100 years) and distances. The cumulative effects of erosion and sedimentation that occurred centuries ago from agriculture or forestry can present land managers with many challenges such as channel bank collapse, tunnel erosion, and channel sediment transport to sensitive water resources (Neary 2002; DeBano et al. 2005) .
Reference sediment yield baselines have been discussed by (Neary and Michael 1996; Neary 2002; DeBano et al. 2005 ). Natural erosion rates (geologic erosion) for undisturbed forests in the western USA of <0.01 to 5.53 Mg ha with channel banks, they are the main sources of sediment for Australian rivers (Wasson 1994; Prosser et al. 2001) . Roads, including tree harvesting access roads and skid tracks, are particularly problematic and chronic contributors of sediments to streams. Variation in suspended sediment concentration can be quite large both within and between individual catchments and regions (Binkley and Brown 1993) . Most undisturbed forested catchments have suspended solid concentrations <5.0 mg L −1 and stormflow peaks >100 mg L −1 , but some routinely average higher than 20 mg L −1 . Storm runoff from steep watersheds with highly erosive soils can have average suspended solids concentrations >400 mg L −1 (Beasley 1979 ). Responses of forested watersheds harvested without SMZs can be in the range of <2 to 43 times reference or pretreatment conditions (Binkley and Brown 1993) . The effectiveness of SMZs in filtering out sediment from storm runoff has been demonstrated in a number of studies (e.g., (Arthur et al. 1998; Dosskey 2001; Helmers et al. 2005; Loch et al. 1999; McKergow et al. 2003; McKergow et al. 2006) ). Sediment removals of 90% or more have been measured, and reductions in flow weighted mean suspended sediment concentrations of an order of magnitude have been documented (148 to 13 mg L −1 , McKergow et al. 2003) . So, it is very clear that SMZs can work well in protecting or improving water quality. The big question is: "Can tree stands in SMZs be harvested without causing a significant deterioration in water quality and other important functions?" There are a limited number of published studies in Australia or New Zealand that address this question. Hemstad et al. (2008) reported on fish habitat changes after several thinning treatments in a mixed hardwood forest with a SMZ. Reference areas had no tree felling at all. Riparian reference sites had upland areas that were clear-felled with a shortwood cut-to-length (CTL) system, but they retained a 30-m no-cut buffer zone (Mattson et al. 2000; Palik et al. 2000) .
Cut-to-length logging is a mechanized harvesting system in which trees are delimbed and cut to specified lengths (usually 3 m) directly at the tree stump. CTL is typically a two-machine operation with a harvester felling, delimbing, and cutting trees and a forwarder transporting the logs from the felling to a landing. The CTL riparian thinning treatment involved upland clear-felling and SMZ harvesting to a residual basal area of 12.3 m 2 ha −1
. The final treatment was a whole tree-length (WTL) harvesting where the adjacent upland was clear-felled and the SMZ was thinned to the same residual basal area as the CTL treatment. In WTL, logging trees are felled, delimbed, topped, and moved to a landing without being cut into smaller lengths. (Hemstad et al. 2008 ) measured a small (15%) increase in streambed fine sediments and gravel embeddedness after harvesting. However, the sediment increase was catchment-wide in all stream reaches and involved the uncut reference reaches as well as the stream reaches that had SMZ harvesting. The effect was attributed to sediment washing off roads and stream crossings and into stream channels, not sediment derived from SMZ harvesting operations. This result points out the role of roads in producing much of the postharvest sediment yield observed in forested catchments. Roads have been broadly recognized as important contributors to stream sediment loads (e.g., Beschta 1978; Swift 1986; Ziemer and Ryan 2000) .
In another study, a coastal plain swamp (riparian zone) forest in North Carolina was clear-felled in May 1998, leaving a 10-m wide uncut portion of the SMZ as a buffer (Ensign and Mallin 2001). The harvested area was along the lower end of a 479-km 2 catchment. A significant increase in total suspended solids was measured in the harvested catchment during rainfall in June, July, and August after harvesting. Compared to a nearby uncut reference catchment, suspended solids were consistently 3 to 10 mg L −1 higher in the logged catchment during that 3-month period. One peak of 111 nephelometric turbidity units (NTUs) was measured in the treated catchment during the first month after clear-felling. In contrast, extreme rainfall during Hurricane Bonnie in late August 1998 did not produce a notable effect on total suspended solids in either catchment. Stream samples collected 8 days after the hurricane landfall and 85 mm of rain did not show any notable impact to the total suspended solids as a result of the storm. Turbidity in the harvested area was not significantly different from the uncut reference catchment, although it did rise from 6 to 14 NTUs due to the hurricane. This was not a significant rise in NTU level, but it demonstrates that harvesting in wide riparian zones can lead to at least small and transient increases in turbidity even if BMPs exclude SMZ harvesting. Gomi et al. (2006) studied the effects of logging lowland tropical rainforest in Butik Tarek Experimental Watershed in Malaysia that included 20-m SMZs. Catchments (14 to 38 ha) included a reference site with no harvest (C1), a 20-m SMZ (C2), a 20-m SMZ with a high road density and in close proximity to the SMZ (C2T), and a SMZ partial harvest (C3). Catchment areas outside the SMZs were clearcut and logs extracted by skidders and log trucks. There was no significant difference in sediment delivery to the Butik Tarek stream in catchments C1 and C2. Catchments C2T and C3 produced six and five times the sediment volume into channels, respective-ly, than the C1 catchment. Roads and skid trails in C2T and C3 with steep gradients (>20%) and a high degree of connectivity to the catchment channels were responsible for the high sediment delivery to the Butik Tarek stream, not the treefelling operation per se, as observed, for example, by Sidle et al. (2004) .
Logging with and without SMZs in 12 mixed hardwood forest catchments with highly erodible loess soils in Mississippi, USA was evaluated by (Keim and Schoenholtz 1999) . Treatments consisted of: (1) unrestricted cable-and skidder-harvesting including the SMZ, (2) cable-yarding only harvesting in a SMZ of 30 m width and unrestricted cable-and skidder-harvesting of non-SMZ areas, (3) no-harvesting within a 30-m-wide SMZ and unrestricted cable-and skidder-harvesting of non-SMZ areas, and (4) no harvesting reference watershed. Streams in catchments without any SMZ protection had mean total suspended solids (TSS) concentrations 2.9, 3.2, and 1.8 times the concentration of the reference watershed stream with SMZs and no harvesting (mean TSS of 244.2, 272.0, 147.4, and 83.7 mg L −1 for treatments 1, 2, 3, and 4, respectively). While this indicated the water quality protection value of SMZs, the responses of treatments 2 and 3 indicated the importance of minimizing soil disturbance within an SMZ. The results suggest that the SMZs did not function in trapping sediment originating in harvested areas outside the SMZ buffer. Instead, the reduced sediment input into streams was achieved by creating less soil disturbance within the SMZ. The authors concluded that SMZ prescriptions should focus on eliminating machine traffic within 10 m of streams.
Objectives
The previous section highlights the paucity of studies on soil erosion and in-stream turbidity in relation to tree harvesting in SMZs that separate the effects of harvesting per se from other potential contributing factors, e.g., roads, cattle, and upland harvesting. In the context of an agricultural landscape with SMZ plantations, a case study in Tasmania, Australia presented a rare opportunity to compare sediment contributions from cattle disturbance and a road with that from a tree harvesting operation in a SMZ with minimal mechanical disturbance or traffic. We did not examine other potential effects of the SMZ, e.g., other water quality parameters, biodiversity, etc.
Materials and methods
Site description
The research site is located on a farm in northwest Tasmania south of the town of Burnie (Fig. 3, longitude 145.7 E, latitude 41.2 S). The stream studied is an intermittent tributary of the upper part of the catchment of the Pet River, which is one of two perennial rivers supplying water to Burnie. The farm has a total area of 243 ha used 70% for beef cattle grazing, 9% for annual cropping, 13% for eucalypt and pine plantations, and the balance for roads, buildings, water bodies etc. The area of eucalypt plantations harvested during the study was 17 ha (Fig. 4) . Soils are classified as red and brown Ferrosols ( (Isbell 1996) ; Oxisols and Alfisols in the USA classification system) derived from Tertiary basalt bedrock with slopes <5%, and good structure. The Ferrosol soils found at the site are likely to be the most robust of soils in Tasmania and least likely to show water quality impacts following disturbance. They have very high aggregate stability, very high infiltration properties, very low erodibility, and low dispersibility. Eucalyptus nitens seedlings were planted in 1989 in a variable width SMZ (14 to 88 m either side of the stream channel) along the north-flowing tributary of the Pet River, a west-flowing subtributary, and at other locations on the farm. A few naturally regenerated blackwoods (Acacia melanoxylon) were the only other tree species that grew among the eucalypts. Understory vegetation was predominantly blackberry (Rubus fruticosus) and bracken fern (Pteridium aquilinim). The site has a cool, temperate climate, with a mean annual rainfall of c. 1541 mm (measured at Tewkesbury, 7 km west of the farm), a summer minimum rainfall of 70 mm per month in January and February, and a winter maximum rainfall of 213 mm in July. The study farm is a working beef cattle operation. Cattle had access to the SMZ and the Pet River tributary at selected points prior to the harvesting operation. For the most part, cattle were excluded from the tributary channel and dams from D10 to D13. There was more use of dams outside the SMZs for watering than those inside the SMZs. After harvesting, cattle access was greater due to the removal of fencing during the harvesting operation. Farm plans call for restoration of the SMZ fencing after site preparation and replanting. Plans for these two operations were in process but not finalized at the time this paper was prepared. Also, the uncut reference section at the head of the Pet River tributary had more cattle traffic due to animal concentration in the upper paddocks for sorting and shipping to market both pre-and postharvest.
Harvesting
Tree harvesting was carried out in accordance with the principles and approaches specified in the Tasmania Code of Forest Practices and included an approved harvesting plan (Forest Practices Board 2000) . No road construction was required in the SMZ, and access was limited mainly to existing roads and paddock tracks. Tree stems were cut on the east side of the north-south SMZ on the main tributary north of Pet Road, and on all of the subtributary that flows west and perpendicular to the main tributary. Some areas of harvested plantation were in small blocks upslope of the SMZ (see Fig. 4 ). Stems were cut with hydraulic shears, delimbed, debarked, topped, and moved to landings by Tigercat 845C (ER Technology, Paris, Ontario, Canada) (Fig. 5) and wheeled forwarders. Harvesting occurred during March and April 2009 while surface soil conditions were still dry. In May 2009, the landowner attempted to burn harvesting slash and forest floor material in preparation for planting of a second tree crop, but only one small area (maximum area c. 400 m 2 ) could be burnt due to slash moisture conditions resulting from green wood and small amounts of rainfall.
Sampling procedures
Sampling points
A series of 13 dams (for stock watering and irrigation) are located along the main tributary and subtributary (see Fig. 4 ; only dams sampled are shown). These dams serve as coarse sediment traps and therefore can be considered as another BMP within the SMZ. Their function in retaining sediment was not evaluated independently. Water sampling points were established on the main tributary at dam (D) D5, D6, D7, D8, D10, stream sampling point (S) S1, D11, D12, D13, S2, 15 m above the confluence of the tributary with the Pet River (S6), 2 m below the confluence (S7), and on the Pet River at the bottom of the harvesting area (S8). Sample point S1 lies at the foot of Dam 10, just inside the harvested SMZ (see Fig. 4 ). Sample point S2 is located below Dam 13 and just downstream of the main harvested portion of the SMZ. Cattle have direct access to the water in dams D5-D8 but not the lower dams (D10-D13). Road runoff was evident above D10. Although there are farm roads below D10, there is no evidence of sediment-bearing runoff on the mostly grassed tracks.
Grab samples were collected from flowing or still waters, depending on flow conditions. Grab samples were collected from the surface of the pooled water above each dam at the center point. Water samples collected at various depths in the dam pools indicated that the first meter of the water column had fairly uniform turbidities (data not presented). Each dam was equipped with an overflow culvert or spillway.
In 2009, until April, there was only a minor flow between dams resulting from seepage through dam walls. By May, there was a continual flow from D6 and lower in the main tributary, at S3, and lower in the subtributary. The Pet River flowed continuously during the study.
Ground cover and tree size
Percent cover was assessed on 15 line transects, 4 in the upper uncut SMZ and 11 in the harvested sections (Elzinga et al. 2009 ). The transects ranged in length from 20 to 87 m through the SMZ from paddock edge to stream or pond margin. All 15 transects were measured in early March 2009, prior to harvesting. In May 2009, the 11 transects in the harvested portion of the SMZ were remeasured after completion of tree harvesting and log removal. Line intercept distances were measured by surface type: vegetation, litter, coarse woody debris, soil, or rock. All transects were photo documented during the initial cover survey, but only the harvested areas were rephotographed in May 2009.
Rainfall, turbidity, temperature, and water depth
Water quality assessment of grab samples from the Pet River tributary was initiated in December 2008, at S1 and S2 when Fig. 5 Tigercat tracked harvester delimbing and topping a felled E. nitens stem during the SMZ harvesting study. Note the slash coverage remaining in the harvested area (photo by Daniel G. Neary) flowing, and conducted 0.5-to 2-monthly to cover a range of flow levels pre-and postharvesting. Single grab samples were collected in plastic containers by hand at each designated sampling point that had flowing water without disturbing bottom sediments. Grab sampling was extended to other sampling points on the main tributary in early March 2009 (preharvest), and repeated in late May (postharvest). Turbidity of grab samples was measured using a portable meter calibrated for the range 0.1-1,000 NTUs. Water containing 1 mg L −1 of finely divided silica usually has a turbidity of 1 NTU. A silica concentration to NTU level was developed for this site but is not used in this paper since only turbidity values are discussed (Sims and Cotching 2000) . To monitor water quality and flow trends postharvest, automated water quality measurement instruments were installed in late May 2009 at D10 (turbidity), S1 (water level), D13 (turbidity), and S2 (water level). Water levels were monitored every minute and averaged over 15-min intervals using Odyssey ® capacitance probes, each with a built-in datalogger. The Odyssey capacitance probe has a range of 0 to 1.5 m with a resolution of 1.5 mm. The temperature sensor resolution is 0.02°C. Depth by head pressure was determined and logged every minute, and averaged for 15 min, hourly and daily time steps. Water levels were recorded to give an idea of relative water depths behind each dam. The overflow culverts and spillways did not provide adequate control sections to rate flow volumes.
Turbidity was automatically measured every 15 min using Environmental Systems and Services 2600 ® turbidity probes (0-2,000 NTU range) connected to Campbell Scientific ® CR1000 dataloggers. The Campbell CR1000 Datalogger has a 2-GB memory expansion. It is powered by 1 × BP 10-W solar panel supported by 50 AH deep cycle battery via a 4.5-A solar regulator (Morningstar Corporation). Water temperature and electrical conductivity were measured using an Environmental Services and Systems CS-547A. Data were recorded every minute, and an average was logged on 15 min, hourly and daily basis. The 2600 turbidity probe is an optical backscatter type with a range of 0 to 2,000 NTU. The zero and full-scale setting are ±0.05% of the full-scale setting. Accuracy is ±2% of the full scale. Response time is 2 s to full accuracy. The resolution is 10-15 V at 500 mA per reading. Output is on an analog 4-20 mA current loop. The probe has secondary surge protection (0.6 J of energy absorption). Also connected to the unit at D10 only was a Campbell Scientific ® tipping bucket rain gage (0.02 mm resolution).
Results and discussion
Study limitations
It should be recognized that there are limitations to this study. These include the intermittent nature of the Pet River tributary monitored in this study, the presence of dams along the tributary which may or may not be present in other locations, and the presence of one main road and several farm roads within the tributary catchment. However, the preliminary results of the study are useful since no other equivalent data sets are available in Tasmania or elsewhere in Australia. Storm flow data can be "hit or miss" depending on the stochastic nature of precipitation events. Virtually, every subcatchment in the Pet River catchment contains roads and cattle or other farming operations. Thus, that source of experimental variation cannot be factored out by catchment selection. This region contains extensive agroforestry operations and is the type of landscape that we are most interested in. Turbidity measured in the Pet River tributary in this study included only the fine silts and clays that remained in suspension after the coarser sediments settled primarily in Dam 10. The deposited coarse sediment was observed but not measured.
SMZ cover
The SMZ plantation had a stocking at planting of 794 trees per hectares, with 3.7 m between rows. At harvest, the stocking was 703 trees per hectares (89% survival), the average tree diameter over bark at 1.3 m height was 33.0 cm (n=249), and the average tree height was 34.4 m (n=6). Although of lower stocking, this plantation was similar in appearance and other metrics to industrial plantations in the region grown with the same species and silvicultural prescriptions.
Before harvesting, SMZ cover was dominated by vegetation and litter (Fig. 6 ). Vegetation and litter in the reference SMZ stand (transects 4-7) had mean cover percentages of 48.0% and 51.7%, respectively. The cut portion of the SMZ had similar vegetation and litter covers (53.9% and 43.7%, respectively). After the harvest operation, vegetation and litter cover means dropped to 12.0% and 28.4%, respectively. However, slash cover increased from 0.0% to 49.2% with the logging. Vegetation cover on the measurement transects, mostly blackberry and bracken fern, ranged from 25.0% to 94.8%. Litter and slash accounted for 5.2% to 88.6%. Bare soil was found on only 33% of the transects, with the maximum cover being 1.3%. Rocks made up 1.2% of the area in one transect.
Soil exposure prior to harvesting is compared to that measured after cutting in Fig. 7 . Mean bare soil cover was 0.0% and 0.5% in the reference and harvest stands, respectively, prior to the tree harvest. Soil exposed by the harvesting operation increased to a mean of 10%. One transect had 22.6% bare soil, but most transects were <13% bare soil. Transect 3 had the highest percentage of bare soil (22.6%), but this transect ran across a log deck where there had been a lot of machinery traffic. Slope at this location was 0%, so the erosion hazard was very low. In the 10-m MEZ, only three transects had any bare soil (transects 1, 3, and 15). Percent bare soil in these three transects was 20%, 1%, and 11%, respectively. The high percent exposed soil in Transect 1 was due to burning of logging slash and not to machinery traffic.
On the whole, the area of soil exposure by tree harvesting was very small. There was also no evidence of sediment movement on portions of the cover transects that contained bare soil. Runoff pathways in these Ferrosol soils are normally quite short due to high infiltration rates. There was no visible evidence in May 2009 of sediment generation or trapping in the SMZ, because the cover conditions precluded erosion from occurring to any measurable extent. The expected outcome of this result was low or no effect on stream turbidity. The logging operation was conducted using BMPs, which retained a good coverage of slash on the ground. Tracked harvesters that produced minimal ground disturbance in most of the SMZ were able to extract trees from the 10-m streamside MEZ without turning or disturbing the soil unduly. Rainfall during the March-May period after harvesting was insufficient to induce any noticeable erosion.
Turbidity
Turbidity in a series of dams along the main tributary was documented by grab sampling prior to logging in March 2009 and postharvest in May (Fig. 8) . These series were augmented by grab samples at S1, S2, and S6 (Pet River above the confluence with the study tributary) on seven occasions preharvest and on ten occasions postharvest (Table 2) 
Cattle impacts
While cattle impacts on water quality were not an objective of this research, the data do clearly demonstrate animal effects at D5 and D7, above which there were no roads or farm tracks (see Fig. 8 ). All the subcatchments in the Pet River watershed are affected by cattle since this is an agricultural landscape. Animal traffic in riparian areas is recognized as a significant source of sediment input into streams in surface runoff (Clary and Kruse 2004) . Dam 5 is above the reference forested SMZ in an open paddock and is a stock-watering pond susceptible to animal traffic (see Fig. 4 ). On both occasions in the longitudinal sampling (see Fig. 8 ), it had the highest turbidities (133.8 and 121 NTUs). Sample points D6, D7, and D8 are dams within the upper unharvested reference SMZ and are periodically accessible to cattle. The livestock frequented D7 and D8 during the study, which explains the higher turbidities there compared to the samples from D6 where there was no visible stock activity. Turbidities attenuated downstream of the cattle activity area due to the lack of additional disturbance from animal traffic and filtering, settling, and detention properties of dams D10-D13. 
Turbidity (NTUs)
Pre-harvest Post-harvest 
Road effects
Like cattle impacts on water quality, road effects were not part of the original study design or objectives of the study. Instrumentation was not put into place to separate out road effects. However, their presence and impacts need to be recognized since highways, side roads, and farm tracks are pervasive throughout the Pet River catchment. Roads have been recognized as major contributors of sediment into streams of both forested and agricultural catchments (Beschta 1978; Swift 1986; Ziemer and Ryan 2000) . The Pet Road is a case in point since it cuts across the upper third of the study tributary. Sediment movement off of this road and into the tributary is readily visible in ditch deposits and scour as well as coarse sediment deposits in D10. The turbidities shown in Fig. 8 do not show any road impacts on water quality since both samplings were done during dry periods. The continuous sampling that captured the turbidity spikes from the storm of 30 June to 1 July ( Fig. 9 ) cannot separate out the relative contributions of roads and cattle activity. It is possible that the turbidity spikes in the 320 to 360 NTU range were due to sediment in road runoff, either delivered from the road during the event or delivered during previous events over many years, that settled in D10 and was resuspended during the event.
What is important to note is that these pulses of turbid water did not carry on far below D10 and were not measurable at D13, despite continuous stream flow through the tributary system at the time (see Fig. 9 ). The lack of large turbidity spikes downstream of D10 indicates that the turbidity effect from tree harvesting in the SMZ was absent or minor compared to the cattle and road effects, and that the BMPs were effective.
Tree harvesting effects
Sample D10 is in the dam immediately above the forested SMZ that was harvested on the eastern side (see Fig. 4 ). Sample point S1 is in the drainage below D10. The next series of dams (D11 through D13) are also located in the main tributary. Sample point S2 is below D13 and c. 15 m above the confluence of the tributary with the Pet River. Its turbidity levels on both occasions shown in Fig. 8 were the same as those in the Pet River above (SP6) and below (SP7) the confluence with the tributary (<3 NTUs). Both of these samplings occurred during dry periods, not storm events.
The main tributary had only minimal seepage flow in the S1 to S2 reach during the March sampling. As indicated, comparison of the grab sample data from the March and May longitudinal series (see Fig. 8 ), and later grab samples (see Table 2 ), showed that there was no effect of tree harvesting in the SMZ on water quality as measured by turbidity at these dam and stream sampling points. Grab samples from S1, S2, and S6 collected between January 2009 and January 2010 indicated that turbidities were elevated only at S1 where there was influence from cattleand road-derived sediments. Water turbidities at S2, below D13, were within the range of samples for the Pet River above the confluence of the monitored tributary (see Table 2 ). On five dates, postharvest water samples collected at S2 (see Table 2 ) were equal to or less than the turbidity of the reference stream (S6) that had only one small area logged adjacent to the channel (see Fig. 4 ). The highest turbidities detected in grab samples at S2 and S6 on 26 August were the only ones above 10 NTUs and were associated with the highest antecedent rainfalls (see Table 2 ). The other higher turbidity values measured by grab sampling at S2 were also associated with higher rain amounts (37.8 to 61.4 mm in 5 days). These values were only "high" in reference to S2 and S6 data, not S1 where turbidity levels were consistently higher. Automated water quality sensors installed in May 2009 allowed for the determination of stormflow-related differences in turbidity caused by tree harvesting and associated rainfall. There were nearly 50 rainfall events during the winter rainy period of 2009 when amounts exceeded 1 mm in 15 min (see Fig. 9 ). Eight of these rainfalls reached or exceeded 4 mm in 15 min. While there were not any excessively large precipitation events, the number of time periods with continuous rainfall potentially set up wetted conditions that would allow erosion due to surface runoff (McDowell and Sharpley 2002) .
The peak rainfall of 2009 occurred on 25 September 2009 when the 15-min precipitation rate was 5.6 mm (22.4 mm h −1 ). Turbidities peaked at 300 and 8 NTUs in that storm event for D10 and D13, respectively. But this did not coincide with the peak turbidity at D10 (see Fig. 9 ). Of the 20+ high turbidities in the 300-362 NTUs range, the peak turbidity in D10 was 362.4 NTUs at 0115 h on 3 August 2009, nearly 2 months earlier. At the same time, the turbidity value in D13 overflow was 0.92 NTUs. Rainfall was around 3.3 mm for the 15-min duration, but was also part of a longer duration storm coming after a rainy period that started in mid-July. The peak turbidity at D13 was 33.6 NTUs at 1030 h on 12 July 2009, an order of magnitude coincident with and of similar magnitude to that at D10, indicating that some other source of sediment came into play, probably from stream connectivity from D10 to D13. The turbidity recession curve at D13 from the 12 July storm was similar to those of four other events in July, August, and September (see Fig. 9 ). Antecedent rainfall during those events was higher with grab sample to grab sample amounts of 200 to 322 mm, and 5-day presampling amounts of 61 to 104 mm. For much of the time period sampled by the automated equipment, the turbidity at D13 was <5 NTUs, a value comparable to the Pet River above its confluence with the SMZ study tributary (see S6 in Table 2 ). For many of the storm events, there was a time lag of 3 to 5 days between peak turbidity at D10 and D13 due to the time needed for water to flow from D10 through D11 and D12 to D13. Stream and dam turbidities throughout the study were influenced by road runoff and flow from upstream dams that had high levels of farm animal traffic. Peak turbidity at D13 was consistently one to two orders of magnitude lower than at D10 during these storms. The peak dampening effect was a combination of a streamflow dilution effect between D10 and D13, effective sediment movement detention by surface roughness on the harvested sites, and a good indication of an overall lower level of sediment entrainment in surface runoff from the tree harvesting area due to effective logging operation BMPs.
Continuous turbidity and rainfall data at D10 during a series of discrete rainfall events within one storm from 30 June through 1 July 2009 indicate that turbidities spiked to over 300 NTUs three times during the event (Fig. 10) . This spike was in response to rainfall of 1.5 to 4.0 mm in 15-min periods (6 to 16 mm h −1 ), while turbidity at D13 remained <2.5 NTUs. At D10, there was sediment input from the Pet Road and from an adjacent paddock that was cultivated to establish livestock fodder (see Fig. 4 ). Turbid runoff from the Pet Road has been observed entering the main tributary during earlier storm events. It was speculated at the time that road runoff was probably the most significant contributor of both total suspended sediment and bedload to the main tributary above D10. There were observations at the start of the study that D10 had noticeable accumulations of coarse sediment. It is evident that during the 30 June to 1 July storm event that SMZ harvesting did not affect water quality since turbidities remained below 2.5 NTUs at D13 for the entire time period of the storm (Fig. 11) . Turbidity data for D13 were collected continuously from installation of the automated stations in May through to the monitored storm event in early July 2009. There were several transient spikes in turbidity during the monitoring period with one reaching just over 40 NTUs on 17 June 2009, but these were most likely artifacts resulting from leaf material, insects, or other floating detritus since there was no pattern of increasing turbidity followed by a gradual return to base levels as seen in Fig. 9 . Hence, the harvesting BMPs in the SMZ appear to have been effective in maintaining low turbidities. The dam system in the intermittent tributaries comprises another BMP practice that is effective in trapping road-, paddock-, and cattle-derived suspended and bedload sediments. It should be recognized here that sediment-trapping dams should only be used as a BMP on intermittent streams since they can interfere with fish and other aquatic organism movements. We recognize that these dams would also have trapped SMZ-sourced sediment, if it had been produced, but if this source had been lower than D10, in the logged area of the SMZ, increased turbidity at D13 and S2 would have been evident.
Turbidity values recorded at D10 during the storm were consistent with those reported in streams (64-752 NTUs) and dams (8-186 NTUs) for similar storms and soils in the region where intensive cropping occurs (Sims and Cotching 2000) . These authors noted that the highest turbidity readings came from fallowed, cultivated paddocks in the spring where runoff had turbidity values in excess of 1,000 NTUs. They also provided a calibration for calculating the concentration of total suspended sediment from turbidity readings for this soil type.
Management implications
The data generated in this case study indicate that the use of harvesting BMPs such as tracked fellers and skidders, machinery exclusion zones next to stream channels, and minimal harvesting road construction can be effective at minimizing sediment delivery to streams. This case study demonstrated that road-derived sediment can be trapped by in-stream dams. However, the lack of any turbidity "spikes" in the lower of two sampling sites along the Pet River tributary (D13 and S2) indicated that there was not a significant amount of sediment delivery to streams within the SMZ. Trees in the SMZs were harvested from S1 all the way to S2 (and lower), but S2 turbidities stayed at background levels. In the absence of the four dams above S2, a sediment "signal" from the Pet River Road might have been discernable at S2. Water flow was continuous from Dam 10 to Dam 13, so any significant harvestingrelated turbidity would have been detected without dams. Certainly, the dams add an extra level of protection for stream water quality. However, the overriding results of the monitoring to date indicate that the harvesting BMPs were effective in maintaining water quality under these low slopes and low erodibility conditions, i.e., trees in SMZs were harvested using existing BMPs without compromising water quality.
Research needs
This case study clearly points out a number of areas where future research could be useful. Any future research will also probably rely on "case study" scenarios, since there is little likelihood of establishing a study with tightly controlled treatments in an operational agroforestry landscape, and then waiting one or two decades for trees to grow to a size where they can be harvested. As opportunities present themselves, some of the aspects of SMZ harvesting that require future research include: 
Conclusions and recommendations
The literature review and case study clearly indicate that SMZs can be very effective in detaining runoff sediment when combined with harvesting BMPs. In this study, there was no visible evidence of erosion in the harvested portion of the SMZ. Turbidity levels were elevated in the study tributary above the SMZ tree cutting zone due to erosion and/or in-stream resuspension of sediment associated with cattle access to dams and runoff from the Pet Road. Turbidity levels declined substantially from Dam 10 at the upper part of the cutting area to Dam 13 at the lower end. Water turbidities in Dam 13 and overflow during the winter flow period were within the range of the Pet River above the confluence with the SMZ harvest tributary (1.2 to 18.8 NTUs). This is a clear indication that disturbance in the SMZ harvest zone did not contribute to decreased water quality as indicated by turbidity levels in the tributary streamflow. Use of tracked harvesters, a MEZ, and retention of slash on-site were instrumental in reducing soil disturbance and potential erosion. Both the cover and stream turbidity data indicate that trees can be harvested within the 10-m streamside zone and up to the steam edge without compromising water quality values of the SMZ. This study and those reviewed in the literature indicate that permanent roads, temporary haul roads, and skid tracks can be major generators of sediment inputs to streams. Separate tree and grass or tree-grass combinations in SMZs could be established in agroforestry landscapes to provide water quality and other functions. Harvesting down to stream and lake edges can be accomplished using logging BMPs without degrading water quality. However, these results may not apply on all sites and situations. Continued evaluation of SMZ tree cutting and harvesting BMPs in different configurations and sites over longer periods of time should be conducted to improve the SMZ effectiveness database in agroforestry landscapes and to improve our understanding of the impacts of SMZ tree harvesting. These research needs are itemized in Section 3.5 above. Cattle impacts on stream bank stability and stream water quality in Australia in particular need to be evaluated as suggested by Zaimes et al. (2004) and Marlow et al. (1987) .
